The screened strain that exhibited the highest level of polygalacturonase (PGase) activity based on coffee pectin was selected and identified as Aspergillus tubingensis. Sucrose (2%) and sodium nitrate (3%) were the best carbon and nitrogen sources, respectively, for the strain's production of PGase. At 35℃ and an initial pH of 4 as culture conditions, the strain showed the highest level of PGase production (15.9 U/mL). The highest activity of purified PGase-1 was observed at 60℃ and pH 5. PGase-I activity was highly enhanced by Ca 2+ , Mn 2+ , and Ba 2+ . PGase-I was thermally stable at 50℃, with a half-life of 4 h.
Introduction
Pectin, a polysaccharide composed of a galacturonic acid monomer by α-1,4 linkages with partially methyl-esterified carboxyl functional groups. It exists in all higher plants as a connector between cells and cross-links to cellulose, hemicellulose, and lignin, and sustains cells and tissues for shaping organisms (Vincken et al., 2003) .
Pectinases, or pectinolytic enzymes, are a group of related enzymes that degrade pectic substances. Pectinases can be divided into 3 major groups: protopectinase, esterase, and depolymerase. Protopectinase degrades insoluble protopectin to highly polymerized soluble pectin. Pectinesterase catalyzes the deesterification of pectin by removing methoxyl groups. Depolymerase includes PGase (EC 3.2.1.15) and pectin lyase. PGase catalyzes the hydrolytic cleavage of α-1,4 glycosidic bonds between galacturonic acid residues. Pectin lyases split α-1,4 glycosidic bonds between methylated residues by transelimination (Gummadi and Panda, 2003) .
Pectinase is produced naturally by many organisms, such as fungi, bacteria, yeasts, protozoans, insects, and plants (Jayani et al., 2005) . Most pectinolytic microorganisms produce complex pectinolytic enzymes. Pectinase from different microorganisms shows different activity at different pH and temperature ranges (Pedrolli et al., 2009) . Molds are widely used in industries for their large capacity to produce many useful enzymes. Pectinase used in the food industry is generally derived from Aspergillus and Rhizopus species because of the high level of pectinolytic activity exhibited by members of these genera and because of their safety, which has been proven by experience through long-term application (Iwashita, 2002) . However, less research has focused 1 on pectinase production specifically for coffee mucilage removal. The coffee bean, a worldwide agricultural product, is covered by a layer of mucilage, which is the highly viscous tissue of the coffee cherry. Mucilage is rich in pectic substances and must be removed during coffee processing (Avallone et al., 2001) . Careful control of the fermentation process is critical for reducing the undesired acidity and odor of coffee to improve its quality as a beverage (Woelore, 1993) .
The objective of this work is to screen microorganisms with high PGase activity and evaluate factors affecting PGase production and enzyme characterization so that they can be applied to the process of coffee mucilage removal to obtain well controlled fermentation of coffee beans.
Materials and Methods
Culture media Pectinase screening agar media (PSAM)
fermentates were harvested daily for 6 d of cultivation, and enzyme activity was determined. The crude extracts were prepared by mixing solid fermented substrates with a 100 mL sodium acetate buffer (50 mM, pH 5.0) and homogenized for 15 s. It was then stirred at 150 rpm for 30 min at 4℃. The mixture was filtered through a nylon membrane of 0.45 nm pore diameter. To measure the effect of temperatures and pH values on enzyme production, cultures were incubated at different temperatures ranging from 20 to 45℃. The initial pH of the media was adjusted from 3 to 9. Pectin was substituted with different natural basic substrates (rice bran, wheat germ, lemon peel, oat, banana, orange peel, grapefruit peel, and wheat bran) to study the potential of substrates for enzyme production. The media were subsequently referred to as basic substrate media (BSM). To study the effect of carbon sources and nitrogen sources on pectic enzyme production, different carbon sources and different nitrogen sources substituted for nitrate were added in BSM. Carbon and nitrogen sources with different concentrations were also considered. Citrus pectin was added to the media in different concentrations to measure the inducible potential of pectic enzyme. The biomass of fungi from SSF was determined by estimating ergosterol content (Pasanen et al., 1999) . PGase purification The crude extract was subjected to precipitation by ammonium sulfate, as described by Riou et al. (1992) . The fraction with the highest pectinase activity was then dialyzed first against distilled water, and then against the sodium acetate buffer. The dialyzed material was applied to a Sephadex G-100 column (1.5 × 70 cm) and eluted with 0.01 M Tris-HCl (pH7.0) at a flow rate of 30 mL/ h. Fractions with higher pectinase activity were concentrated and loaded to a DEAE-Sepharose column (2.5 × 30 cm), equilibrated with a 0.01 M Tris-HCl buffer (pH 7.0) and then eluted with a linear gradient of 0.05 M to 0.5 M sodium chloride in the same buffer. Protein content and PGase activity were measured.
Enzyme characterization Influence of metal ions and reagents: The effect of different metal ions and some inhibitors on PGase activity was determined by adding the reagents into the reaction mixture at a final concentration of 10 mM. Enzyme activity in the mixture in the absence of these compounds was served as the control (100% activity). Optimum temperature and pH: PGase activity at different temperatures between 20 and 70℃ was measured. For optimum pH analysis, the reaction was assayed at various pH values between 3 and 9, using the sodium acetate buffer (pH 3 − 6) and TrisHCl buffer (pH 7 − 9). Enzyme stability: Thermal stability of PGase was assayed by incubating the reaction mixture at different temperatures (30 − 60℃) for 10 to 240 min at a pH of 5.0 without substrate. Residual activity was measured contained 1% pectin, 1% sodium nitrate, 1% potassium chloride, 0.5% magnesium sulfate, 0.1% potassium hydrogen phosphate, 0.001% ferrous sulfate, and 1.5% agar. Pectin media were prepared with the same compounds as that of the PSAM, but with no agar. The coffee pectin agar plate contained 2% crude pectin from coffee mucilage (Avallone et al., 2000) and 1.5% agar. Potato dextrose agar media (PDA) and potato dextrose media (PDB) were purchased from Merck (Darmstadt, Germany). Pectin was purchased from Nippon Shiyaku Kogyo K. K. (Osaka, Japan).
Sampling and PGase activity screening Fifty samples were collected from soil, leaves, vegetables, and fruits. Each sample was screened with PSAM. After cultivation at 30℃ for 5 d, a single colony was selected and cultured on the PDA plate by streaking.
Approximately 1 × 10 5 spores from each colony on the PSAM plate were transferred to pectin media and cultivated at 30℃ for 5 d. The supernatant of liquid cultures was screened for the presence of pectinase by using the clearance zone method. Circular wells in the coffee pectin agar plate were filled with the supernatant and cultivated at 50℃ for 6 h. Plates were stained with iodine-potassium iodide solution (1.5% potassium iodide and 0.3% iodine in water) to visualize zones of pectin degradation . PGase activity assay Liquid cultures from pectin media were collected after 96 h. The cell-free supernatants were used for PGase activity assay. The supernatant (0.2 mL) was left to react with a 2 mL acetate buffer containing 1% pectin (pH 4.8) at 50℃ for 30 min; 2 mL of 3,5-Dinitrosalicylic acid (DNS) reagents was then added, and the mixture was left to incubate in boiling water for 5 min. The solution was then cooled quickly and 10 mL distilled water was added. The absorbance was measured at 540 nm. One unit (U) of PGase was defined as the amount of enzyme that released 1 μmol galacturonic acid per minute, under the conditions of pH 4.8 and 50℃.
Identification of microorganism The isolated pure strain was inoculated into PDB and cultivated at 30℃ for 5 d, followed by fungal genomic DNA extraction. Partial sequences of the β-tubulin gene were amplified by PCR with the primers Bt2a (5′-GGTAACCAAATCGGTGCTGCTTTC) and Bt2b (5′-ACCCTCAGTGTAGTGACCCTTGGC), and the reaction condition was conducted in accordance with the method by He et al. (2008) . The PCR product was sequenced and searched for homology with other sequences in the GenBank database.
Parameters affecting enzyme production Solid-state fermentation (SSF) was performed using 10 g rice husk as the carrier, mixed with 50 mL pectin media. A quantity of 5 × 10 5 spores was inoculated and cultivated at 30℃. The temperature on PGase production can be observed mostly through mycelia growth. The influence of the initial pH level on PGase production was tested at 35℃ for 4 d with SSF. The highest PGase production was obtained at pH 4, with activity at 5.78 U/mL. All the acid media (pH 3 to 5) showed positive results for PGase production. The results indicated that the fungus strain preferred acidic conditions for production of PGase, which conforms to the results of previous studies (Mamma et al., 2008; Patil and Dayanand, 2006) . In neutral and basic conditions, the isolated fungus strain could still produce PGase with activities at a minimum of 2.31 U/mL. Natural substrates were used to replace pectin in the pectin media. Among 9 natural substrates, grapefruit peel was the most efficient inducer of PGase production, followed by orange peel and rice bran. This result is beneficial for the utilization of agricultural waste and implies that lower cost for PGase production is possible to be achieved. Rice bran was chosen as the basic substrate for BSM preparation, and additional carbon sources were added to study PGase production. Sucrose was the best carbon source for PGase production in SSF, with activity at 7.96 U/mL. As polysaccharides, corn starch and oligo saccharide showed better results than glucose. Different nitrogen sources were added to replace sodium nitrate in the BSM. The result demonstrated that sodium nitrate, diammonium phosphate, and ammonium sulfate were optimal sources for PGase production, followed by fish powder, peptone, yeast extract, and urea. Corresponding to the optimal nutrient sources, the produced activity was up to 9.18 U/mL. The results also showed that inorganic nitrogen sources were more useful for PGase production. After adjusting the concentrations of sucrose and sodium nitrate to 2% and 3%, respectively, the activity of PGase increased to 15.9 U/mL which is equal to 369 U/g PGase activity based on the weight of culture substrates (per gram) on the 4 th day of culture. Activity then slowly declined following the same trend as those of biomass and extracellular protein content (Fig. 1) . This strain produced much higher PGase activity than other Aspergillus spp. (Al-Hindi et al., 2011; Botella et al., 2007; Patil and Dayanand, 2006) . Different concentrations of citrus pectin did not induce a higher level of PGase production. Conversely, adding too much pectin slightly decreased production.
Purification of polygalacturonase From 500 mL of SSF crude extract, PGase of the screened A. tubingensis was purified (Table 1) . Purification was executed in 3 steps. First, ammonium sulfate precipitation was used to differentiate proteins with different solubility. The highest PGase activity (3683 U) occurred at the section of 60% to 80% ammonium sulfate. Second, the sample was assayed on a column by incubating with substrate at the optimum temperature. Similarly, pH stability of PGase was assayed as residual activity as described after incubation at different pH values (3 − 7) for 24 h at 25℃ without substrate followed by activity analysis under optimum pH.
Coffee processing De-pulped cherries were mixed well with crude enzyme extract at a ratio of 10:1 (w/v) and incubated at 50℃. The control group was incubated at 37℃ without adding crude extract to simulate the traditional fermentation. De-mucilage degree was determined by visual inspection. The heterotrophic plate count of eliminated mixture and titratable acidity of coffee beverage was also measured.
Results and Discussion
Isolation and selection of microorganisms From fifty samples, 500 strains able to grow on the PSAM plate containing pectin as the only carbon source were randomly selected. A total of 132 mold strains with black spores were then isolated and tested for coffee pectin lysis by plate assay. Eight strains that produced a clear zone of at least 2 cm were further measured for their PGase activity by using the DNS method. The strain that expressed the highest PGase activity (3.2 U/mL) was preserved for further analysis.
Identification of microorganisms The β-tubulin gene of the strain was amplified with primers Bt2a and Bt2b. The results of the DNA sequence showed 99% of the identity of the A. tubingensis (accession number DQ768445) and only 93% and 92% of the identity of the A. niger (accession number FJ828914) and A. awamori (accession number FN394675), respectively. In addition to sequencing of the partial β-tubulin gene, we also amplified the ITS sequence of 16S rRNA with primers ITS4 (5′-TCC TCC GCT TAT TGA TAT GC) and ITS5 (5′-GGA AGT AAA AGT CGT AAC AAG C). However, the ITS sequence showed 100% of the identity of all 3 species and could not be used for species identification. The results of the DNA sequence analysis showed that the isolated strain belonged to A. tubingensis.
Enzyme production The temporal course of PGase production by A. tubingensis was observed by assaying its activity over 6 d of cultivating the fungus in pectin media containing 1% citrus pectin as a carbon source with SSF at 30℃. The maximal PGase activity was observed on Day 4, reaching 3.84 U/mL. Then PGase activity gradually decreased with remaining culture time.
The effect of temperature on PGase production was evaluated in pectin media with an initial pH of 4.8 and a cultivation period of 4 d. The highest PGase activity (4.49 U/ mL) was produced at 35℃, followed by 2.97 U/mL at 30℃. At other temperatures, activity was low and not conducive to the growth of thin mycelia of the fungus. The effect of
The effect of temperature 1 on A. tubingensis PGase-I stability was examined. PGase-I was stable at 30 and 40℃ after 240 min incubation, and still maintained 96.0% and 85.5% activity, respectively (Fig. 3) . After 120 min of incubation at 50℃, it retained 63.4% activity. At 60℃ incubation, the enzyme deactivated quickly, with only 26.5% activity retained after 30 min. Regarding pH, the highest stability occurred in the range of 3 to 5 (Fig. 2) , with pectinase being stable in the acid medium (Dinu et al., 2007; Jayani et al., 2005) . After 24 h incubation, more than 90% activity remained at an acid condition and up to 95.5% activity was retained at pH 4. At a neutral condition (pH 6 − 7), purified PGase-I also showed high stability with residual activity more than 80%. At an alkaline pH range, the enzyme lost its activity by up to 45% at pH 9.
De-pulped coffee cherries treated with crude extract took only less than 2 h to eliminate mucilage. However, in the traditional fermentation, it took at least 24 h to achieve. The longer fermentation time increases the chance to produce more microorganisms and metabolite. The result showed that the heterotrophic plate count of the traditional fermentation mixture was 1.5 × 10 8 CFU/g, about ten thousands fold higher than the crude extract treated group. In the crude extract treated group, the titratable acidity of brewed beverage also reduced to a half quantity of the traditional fermented one (data not shown). Going along with the decline of the heterotrophic plate count, undesired metabolite and acidity packaged with Saphedex G-100 and the total PGase activity (2317 U) was recovered with 3.4-fold purification over the crude extraction. Third, following DEAE-Sepharose assay, 2 isozymes of PGase were separated at sample collection tubes No. 68 and 86, respectively. The isozyme with higher activity was named as PGase-1. The total activity of both isozymes was 1765 U at a 189.8 U/mg protein-specific activity with 37.1% recovery.
Characterization of polygalacturonase The effects of various metal ions and reagents on purified PGase-I activity were investigated ( (Hamdy, 2005; Kashyap et al., 2000) and appeared to help maintain the structure of enzymes, which is required for the catalytic activity of pectinase (Liao et al., 1997) . Mn
2+
was also reported to enhance pectinase activity in Sclerotinia sclerotiorum and Sporotrichum thermophile (Kaur et al., 2004; Riou et al., 1992) . Significant inhibition of pectinase activity by p-chloromercuribenzoate, iodoacetic acid, Hg 2+ , Cu 2+ , and Zn 2+ indicate the possible involvement of thio groups in the active site of the enzyme (Riou et al., 1992) . Pectinase inactivity resulting from N-bromosuccinimide suggests that tryptophan residue(s) may be involved in catalytic or substrate binding sites (Celestino et al., 2006) . Pectinase activity was also reduced in the presence of Mg 2+ , sodium dodecyl sulfate, 2-mercaptoethanol, and EDTA as studied in Sporotrichum thermophile (Kaur et al., 2004) . Enzyme activity dependent on pH was examined over a pH range of 3 to 9 in a sodium acetate buffer and Tris-HCl buffer. The optimum pH of purified PGase-I was found to be 5.0 and its activity decreased rapidly at the pH greater than 6.0 (Fig. 2) . The result indicates that the purified A. tubingensis PGase-I is an acidic PGase. The pH of fermentation dropped from 5.0 to 3.2, and PGase activity increased with the culture time, as shown in Fig. 1 . Regarding temperature, maximal PGase-I activity was observed at 60℃ (Fig. 3) . Above this temperature, enzyme activity declined quickly and reached 17.5% at 70℃. Pectin lyase from fungi always reported with optimal temperatures between 40 and 60℃ (Kaur et al., 2004; Kojima et al., 1999; Pedrolli et al., 2009 were also reduced that giving a better quality of coffee than traditional fermented beans. Moreover, PGase in this study with optimal pH at 5.0 was close to the pH value of coffee mucilage (pH 5.0 to 5.6). The efficiency of mucilage elimination could also be enhanced by adding calcium ion to reinforce the PGase-I activity.
Conclusion
We analyzed the characteristics of PGase from screened Aspergillus tubingensis and the features of enzyme production that have received less attention on this species in the past. Purified PGase is an acidic enzyme with higher activity than those from previously studied Aspergillus spp. The enzyme was suitable and useful in eliminating coffee mucilage and quality control during coffee beans fermentation. 
